Single molecular ions can be sympathetically cooled to a temperature in the mK-range and become spatially localized within a few µm 3 through the Coulomb interaction with laser-cooled atomic ions, and hence be an excellent starting point for a variety of single molecule studies. By applying a rather simple, non-destructive technique for the identification of the individual molecular ions relying on an in situ mass measurement of the molecules, studies of the photofragmentation of singly-charged aniline ions (C 6 H 7 N + ) as well as investigations of isotope effects in reactions of Mg + ions with HD molecules have been carried out.
Introduction
For the past decade, research involving cold molecules has gone through an extremely rapid developing phase. For neutral molecules the advances have, in particular, been relying on developments within the following approaches: Photo association of laser-cooled atoms, [1] [2] [3] [4] [5] buffer-gas cooling of molecules held in magnetic traps, 6-8 deceleration, 9 filtering 10 and trapping of molecules by electrostatic fields, [11] [12] [13] [14] Feshbach resonance generated molecules in degenerated quantum gasses, 15, 16 and deceleration of molecules by intense laser pulses. 17 Cooling techniques for molecular ions have been developed in parallel, so that e.g. it has become a standard to work with molecular ions which are sympathetically cooled into Coulomb crystals through the Coulomb interaction with laser-cooled atomic ions. [18] [19] [20] [21] [22] [23] [24] [25] In the past years, the technique of He buffer gas ion cooling 26 has furthermore been extended to molecular anions. 27 Most recently, even the combination of cold neutral and ionic molecular techniques has made the first progress. measurement technique, 20 the focus in this report will be on the latest results from our laboratory regarding experiments with single molecular ions.
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Non-destructive single-molecular ion-mass measurement
In order to experiment with single molecular ions, it has been necessary to develop a technique to identify the ion under investigation with high efficiency without destroying it. A schematic of such a non-destructive identification technique used in our single molecular ion experiments is presented in Figure 1 . More detailed information on the technique can be found in.
20,28
The technique relies on the measurement of the resonant excitation frequency of one of the two axial oscillation modes of a trapped and crystallized linear two-ion system consisting of one laser-cooled atomic ion of known mass m1 and an a priori unknown molecular ion, whose mass m 2 has to be determined for ion identification. From this measured frequency, the mass m 2 of the unknown ion can be deduced from a simple relation between the frequency and the relative mass of the two ions:
where µ = m 2 /m 1 , and ω 1 is the single ion oscillation frequency of the known ion. The solutions ω + and ω − correspond to the mode with eigenvectors where the ions move in phase (COM mode) and out of phase (BR mode), respectively, with mass-dependent amplitudes.
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The crystallization of the two-ion system results from the sympathetic cooling of the molecular ion through the Coulomb interaction with the laser-cooled ion. This crystallization can be observed by imaging the fluorescence light emitted by the laser-cooled ion onto a CCD camera chip. Here, a well-localized spot appears with the atomic ion displaced a specific distance away from the trap center when it is trapped together with a non-fluorescing unknown ion. In the linear rf trap used in our experiments 19 the two-ion system is aligned along the traps main axis (the z-axis in Fig. 1 ). The resonant excitation can be promoted either by applying a sinusoidal electric field along this axis (through sinusoidal voltages applied to the end-electrodes of the trap), which will exert a force on both ions, or by periodically modulating the laser intensity of one of the cooling laser beams propagating along the main axis, which leads to a periodically varying scattering force on the laser-cooled ion. The resonance frequencies are determined by monitoring the fluorescence light from the laser-cooled ion Fig. 1 . Sketch of the experimental setup. Shown on the figure are the linear rf trap electrodes, the cooling laser beams and the CCD camera used to monitor the fluorescence from the laser-cooled atomic ions. An image-intensifier based shutter that can be gated phase-locked to a periodic driving force is installed in front of the camera. A driving force is applied either in the form of a sinusoidal voltage applied to the end-electrodes of the trap or through modulation of the scattering force on the atomic ion by using an electro-optic chopper (EOC) for scattering force modulation.
by the CCD camera while scanning the period of the applied driving force. When the period is equal to the period of one of the two oscillation modes (the center-of-mass (COM) mode and the breathing (BR) mode), the motion of the ions is most highly excited (neglecting damping exerted by the cooling lasers. Details on that see Refs. 20, 28. For CCD camera exposure times larger than the oscillation period of the ions, an enlarged axial extension of the fluorescence spot is observed close to these mode resonance frequencies as seen in Fig. 2 . This detection method easily leads to a relative mass resolution ∆m/m below 10 −2 , and can for optimized conditions even lead to a resolution at the 10 −4 level.
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For long measuring times, more precise mass measurements are expected when the phase of the motion of the laser-cooled ion is monitored. This can be done by gating the CCD camera such that only light emitted at a certain phase with respect to the phase of the driving force is detected. Examples of such measurements can be seen in Fig. 3 . Due to systematic errors, such measurements have so far also been limited to mass resolutions ∆m/m of a few times 10 −4 .
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In the following sections, a few recent single molecular ion experiments, For all images the camera integration time was 100 ms, which is much longer than the oscillation period of the ions of typical ∼10 ms. where the non-destructive mass measurement method is applied, will be discussed.
Consecutive photofragmentation of an aniline ion
The motivation for studying consecutive photofragmentation of aniline ions has been manifold. First, we wanted to prove that the non-destructive identification method described above allows detailed studies of the time evolution of light-induced consecutive fragmentation at long time scales (milliseconds up to several hours). Secondly, we wanted to prove that nondestructive detection of photofragments is a viable way for probabilistic preparation of a wealth of single-molecular ions which can be used as targets for other experiments (e.g., astrophysical studies). Thirdly, more generally, we wanted to prove that studies of spatially localized and very cold single ions can be extended from diatomic systems 20 to complex molecular systems. In all, this opens up new opportunities in molecular science, including molecular rotational dynamics and chemical reaction dynamics on long time scales.
In the experiments, a single aniline ion (C 6 H 5 NH + 2 ) is irradiated by the combination of cw light at 397 nm (originating from the laser beams used to cool the calcium ions which provide the sympathetic cooling), and nanosecond pulses of light at 294 nm (used to produce the aniline ions in the first place through a 1+1 REMPI process). 23 In Fig. 4(a) , the frequency, at which a specific molecular ion mass has been detected during a series of 77 experiments, is presented. As clearly seen, a series of molecular ions, and not only C 6 H 5 NH + 2 ions (mass 93 amu), are produced. By repeatable mass scans we can follow the photofragmentation of the original aniline ion in time as the few examples in Fig. 4(b) show. In Fig. 5 , a simplified picture is presented of how the photofragmentation is progressing. In a single experiment we were indeed able to monitor all the indicated molecular ions, but the initially produced aniline ion, as seen in Fig. 6 .
23 While C 6 H 5 NH + 2 , C 5 H + 6 , and C 5 H + 5 ions were only sometimes found to be stable against further photofragmentation (corresponding to a probabilistic preparation of those ions), the C 3 H + 3 ion was always stable. How sequential breakage of larger molecules into lighter fragments takes place can potentially be monitored non-destructively on time scales ranging from less than a second to several hours by the applied technique.
Isotope effects in reaction of Mg
+ ions with
HD molecules
Studies of isotope effects in chemical reactions can often help to obtain a better understanding of the underlying reaction dynamics. Resonance effects observed in the F + H 2 reaction and isotopic analogs have e.g. resulted in a much improved understanding of this benchmark reaction.
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In a series of experiments, we have studied reactions between Mg + in the 3p 2 P 3/2 excited state (excitation energy of 4.4 eV) with isotopologues of molecular hydrogen at thermal energies. Due to the simple internal structure of the reaction partners, these reactions represent a particularly simple test case for reaction dynamics involving an electronically excited atomic collision partner, and hence can serve as good benchmark reactions for reaction dynamics simulations. In brief, we here consider only reactions of the types represented by the Eqs. (2) and (3). Reactions with other isotopologues of molecular hydrogen can be found in Ref. 24 . From the results presented in Fig. 7 , corresponding to a total of only about 300 single ion reactions, the branching ratio between the reactions has been found to be larger than 5. This strong isotope effect cannot be explained by a simple statistical model based on an assumption of an equal probability for populating energetically accessible states of MgH and MgD + , but must be attributed to a dynamical mechanism. In the ion beam experiments of Ref. 33 a similar isotope effect was observed in reactions between ground state Mg + ions and HD molecules at center-of-mass energies up to 11 eV. This was rationalized in terms of an impulsive interaction with a thermodynamic threshold. . While the dashed curve is the expected result for equal probability of forming 26 MgD + and 26 MgH + after Langevin capture of HD, the solid curve shows the best fit to the experimental data. The error bars of the measurements taken into account, the fit suggests a ratio of the formation rate of 26 MgD + and 26 MgH + ions in the range of ∼ 6 to ∞ for the Mg + (3p 2 P 3/2 ) + HD reaction.
A schematic view of the potential surfaces involved in the reaction is shown in Fig. 8 The above discussed reaction experiments demonstrate the prospects for similar single molecular ion studies using state prepared molecular ions, 36, 37 complex molecular ions 22, 23 or molecules of astrophysical interest. 38, 39 The high detection efficiency can furthermore be useful for studies of reactions involving ions of rare species, e.g. super-heavy elements. 
